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Abstract
A key to understanding the optical characteristics of silicon quantum dots is the role of surface
bonded species that introduce states to the band-gap. In particular, oxygen bonded in a silanone
configuration is thought to be a source of shifts in emission during oxidation. We report the results
of density-functional calculations examining the properties of such surface structures. We find
single hydration of a simple, neutral silanone molecule leads to a barrierless conversion into a di-
hydroxyl structure, and that similar processes are weakly activated on larger systems. However,
we show that charging has a significant impact upon stability, with the attachment of an electron
greatly increasing the barrier for converting silanone to di-hydroxyl termination. The relatively
stable, negatively charged silanone structures are predicted to lead to large red-shifts in the onset
of optical absorption.
∗E-mail:r.j.eyre@ncl.ac.uk
1
I. INTRODUCTION
The low dimensionality of quantum dot structures (QDs) may yield enhanced optical
properties relative to bulk materials, and potential applications of nano-scale materials are
emerging as viable components within optoelectronic and biomedical industries. In con-
trast to QDs comprised from II-VI compounds, those made from porous silicon (Si-QD)
are bio-inert and non-toxic[1]. Si-QD optical emission has been linked both to quantum
size effects and surface chemistry[2], particularly important when considering the role of
oxygen. Oxidation in air or aqueous solution effects the photo-luminescence (PL) yield and
wavelength[3–5]: for example, red-shifts of up to 1.0 eV have been observed from porous
silicon dots exposed to air[3], and blue-shifts are measured for Si-QDs immersed in solution
for 250 hours[4], or exposed to atmosphere[5]. In addition to the optical transitions associ-
ated with the highest-occupied (HOMO) and lowest-unoccupied (LUMO) Si-QD molecular
orbitals, simultaneous optical emission in the blue region of the visible spectrum has also
been measured[6, 7].
Computational studies have examined mechanisms for changes in optical activity with
oxidation. Silanone (Si=O) groups are candidate centres yielding red-shifts, a consequence
of electron or exciton traps that are localised on the surface site, with levels lying within
the HOMO-LUMO gap[3]. In addition, capping layers of silicon-dioxide are correlated with
increased quantum-confinement leading to blue-shifts[8, 9]. It is the former mechanism with
which we concern ourselves in this study.
Theory shows structures involving Si-oxygen or Si-sulphur double bonds lead to surface
states which may play a role in optical absorption and emission[2]. However, in addition to
the optical activity, for these surface-structures to be important in the red-shifts under am-
bient conditions, they must also be energetically stable. Of particular interest are reactions
of Si=O groups with water.
Several studies[10–12] have been performed examining the stability of the singly hydrated
silanone molecule (H2Si=O·OH2) relative to the di-hydroxyl isomer (H2Si(OH)2), where it
was found that the latter is more stable by 2.1, 1.6 and 2.2 eV respectively[10–12]. In
addition, these studies found the barrier for conversion into the H2Si(OH)2 to be low, 0.2,
0.1 and 0.3 eV[10–12], suggestive of a short lifetime at room temperature. For larger Si5
clusters[13] similar relative energies were obtained, with an activation energy for conversion
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to the di-hydroxyl of 0.1 eV, again easily overcome at room temperature. The hydration
energy associated with formation of the complex is in all cases greater than the barrier to
conversion, hence these processes must all be viewed as having no overall barrier . Such
small barriers are consistent with the observation of near-neighbouring hydroxyl groups
on silicon oxide films during plasma-enhanced chemical vapour deposition, for which the
mechanism for formation was suggested to be reactions between surface silanone groups and
water molecules[14].
The consensus appears to be that di-hydroxyl systems are favoured over silanone in
the presence water. However, the PL spectra of 1 nm diameter Si-QDs apparently possess
a pH dependency in equilibrium. This effect has been assigned to interchange between
silanone and di-hydroxyl structures[15]. The apparent disparity between the model for
the pH dependency and quantum-chemical simulations may be a consequence of the small
simulation systems: for ketones, there is an increase in stability with increasingly bulky
substituents, and if this may be extended to silanone groups, larger Si-QDs may be expected
to yield an increased stability for Si=O relative to that obtained for small molecules.
In this study we present a density-functional analysis of the stability of the di-hydroxyl
and singly hydrated silanone structures, for the cases of a simple molecule, a 1 nm Si-QD,
and on the surface of (100)-orientated hydrogenated bulk silicon. Our choice of atomic
configurations is made to provide some indication of the role that the substituents to the
Si=O bond may have in the relative stabilities of the hydrated and di-hydroxyl forms. In
addition, by examining the effect of charge state on the hydration and interchange reactions,
we show that trends may also appear in the behaviour (stability, optical-properties and
barrier-heights) of charged systems, relative to their neutral counterparts, due to localisation
or otherwise of the charge carrier.
II. METHODOLOGY
We perform density-functional calculations within generalised gradient[16] and local
density[17] approximations (GGA and LDA), as implemented in the AIMPRO code (ab initio
modelling program)[18]. We find the basic energetics, transition state structures and elec-
tronic configurations to be largely independent of the choice of functional. Results presented
relate to the GGA calculations unless indicated otherwise.
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Core electrons are eliminated via dual-space, separable pseudopotentials[19]. Valence
wave functions are represented by atom-centred combinations of Cartesian Gaussian orbitals
of s, p and d nature[20]: the bases for Si and O are comprised from four exponents in sets
of s and p functions, with two exponents augmented with sets of d polarisation functions,
yielding a total of 28 basis functions per atom. The hydrogen atoms are also treated with
a four exponent basis of s and p functions, yielding 16 functions per atom. Increasing the
number of functions per Si and O atom to 40 by adding two more sets of d-polarization
functions yields changes in Si=O, Si-O and O-H bond lengths for the hydrated silanone
and di-hydroxyl molecular systems of less than 1%. The relative energy between the two
isomers varies by < 5%. Similar values are found for oxygen structures on the Si-QD. We
conclude that the uncertaininties introduced as a consquence of our choice of basis set are
small relative to other inherent uncertainties in the calculations.
Simulations have been performed using both periodic boundary conditions and real
space cluster approaches. In the former, the charge density is expanded using a Fourier-
transformed plane wave basis, with an energy cut-off of 300Ry, yielding well converged total
energies. In the latter, the charge density is fitted using a well converged basis of real-space
Gaussian orbitals with six, four and four independent sets of s-, p- and d-Gaussians centred
on each Si, O, and H atom, respectively.
For H2Si=O·OH2 and the 1 nm Si-QD (Si35H36O2) the periodic boundary condition is
a face-centred-cubic lattice with lattice constants of 11 and 24 A˚, respectively. The bulk
silicon surfaces are simulated using the (3× 1)-reconstruction of the (001)-oriented surface,
to generate relatively well isolated di-hydride sites. The surface lattice is made up from three
surface sites in the [110] direction, two of which are mono-hydride and reconstruct, the third
site being the di-hydride site where oxygen may be substituted. In the simulations we include
three [11¯0] surface sites, and the supercells are then made up from ten (001) planes with
the composition Si90H24, Si90H22O and Si90H24O2 for the bulk-surface, isolated silanone and
hydrated/di-hydroxyl structures, respectively. Oxygen-containing sites are then separated
from their periodic images by 3[11¯0]a0/2 and 3[110]a0/2.
The bulk surfaces have the Brillouin-zone sampled using the Monkhorst-Pack[21] scheme
with a grid of n× n× 1 points, varying n up to four. We found that the relative energy of
silanone and hydroxyl systems is converged to within 25meV using the Γ-approximation.
Structural relaxations were performed on each system until changes in the total energy
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were ≤ 1meV. The activation energies, Ea, for conversion between geometries are calculated
via the climbing nudged-elastic-band method (NEB)[22, 23], using a minimum of 13 images.
It is known that the chosen LDA and GGA approaches may underestimate activation en-
ergies such as proton exchange[24], so that the error bars on the calculated barrier heights
may be of the order of 0.1 eV. In addition, we note that activation energies for the reaction
of water with oxidised silicon clusters have previously shown that first-principles functionals
compare well with the hybrid (B3LYP) approach[13]. We further note that all calculations
are essentially at zero temperature and in particular neglect zero-point motion and entropic
effects.
We have also considered the effect of a change in charge state, due to the effects of
pH highlighted above, as well as the suspected role of charging in the ‘blinking’ observed
during PL spectroscopy experiments[25, 26]. We have calculated the ionisation potential
(IP) from the total energies of the neutral and positively-charged real-space LDA cluster
systems, and the electron affinity (EA), where appropriate, from the energies of the neutral
and negatively charged systems. In line with the usual practice, the IPs are the energy
required to ionise the systems relative to vacuum, and the EAs are the energy gained by
taking an electron from vacuum. EA’s may be positive or negative, with the latter being
common in gas-phase species[27]. Use of the real space method avoids the well documented
artifacts that arise when using periodic boundary conditions for charged systems[28–34].
Total energy differences produce good agreement with experiment for the IP of silane (a
previous calculated value[35] of 12.1 eV compares favourably with 12.6 eV[36]). We obtain an
IP for silane of 11.9 eV. The strong organic donor system, tetrathiafulvalene (TTF) possesses
a measured[37] IP of 6.7 eV, for which we obtain a value of 6.2 eV. In addition, the strong
electron acceptor 2,3-dichloro-5,6-dicyano-1,4-benzoquinone[38] (DDQ) was calculated to
have an EA of 3.2 eV, again in good agreement with experimental values around 3 eV[39–
41]. As a measure of convergence we have examined the EA and IP values as a function of
basis size for the isolated silanone molecule. For the IP we find that increasing the basis
set yields differences of ±1% compared with our quoted values. The EAs are slightly more
sensitive to basis set, but variations do not qualitatively impact upon the conclusions, which
we discuss in more depth below.
Finally, we obtain the optical absorption spectra for our systems from the calculated
dielectric function, as described elsewhere[42], in which each transition is represented with a
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polynomial line broadening of 0.5 eV. We have included sufficent numbers of empty states to
converge the absorption in the region of the HOMO–LUMO gap. In calculating the optical
spectra, we are chiefly interested in shifts in the onset energy, not the detailed shape of the
absorption profiles or the precise location of the onset in any one system. Indeed, we note
that it has been shown that the shifts in onset with Si-QD size are well described by standard
DFT methods, and location of the onset energy is not affected by the use of time-dependent
theory[43], and we therefore present the results from standard DFT methods, and focus on
changes in optical absorption onset with chemical changes.
III. RESULTS
We compare the stabilities of the singly hydrated silanone and di-hydroxyl groups for
three systems: (1) small molecules (H2Si=O·OH2 and H2Si(OH)2), (2) a 1 nm Si-QD and
(3) the (001)-orientated hydrogen-terminated silicon surface. Schematics of these systems
are shown in Fig. 1.
A. Silanone Molecule
The neutral isolated silanone molecule (Fig. 2) has C2v symmetry. Our calculated equi-
librium Si=O and Si–H bond-lengths are 1.56 A˚ and 1.50 A˚, respectively. The HOMO is
dominated by a p-orbital centred on the oxygen atom, as shown in Fig. 2(b), and has b2
symmetry. The LUMO is an anti-bonding combination of p-orbitals, with b1 symmetry, and
is plotted in Fig. 2(c). It is worthy of note that an optical transition between these levels is
dipole-forbidden. The wave functions agree with previous modelling[13], lending confidence
to the computational scheme we employ for this study.
The calculated hydration energy, defined as εH by the reaction:
H2Si=O + H2O −→ H2Si=O·OH2 + εH (3.1)
for the small silanone molecule is 0.7 eV based upon a constrained configuration of
H2Si=O·OH2, as described below. This value is in accord with published data[12, 13].
The di-hydroxyl structure is 2.0 eV more stable than hydrated silanone in the neutral charge
state, which also agrees well with other work[10–13] (1.6 eV to 2.2 eV), as do[12] the calcu-
lated bond-lengths (Fig. 3).
6
We find the HOMO of the H2Si=O·OH2 molecule to be a p-state localised on the silanone
oxygen atom, as was shown by others previously for larger systems[13]. The LUMO is a
linear combination of the water O p-state, the water H s-states, and p-states on the silanone
O and Si atoms, which can be viewed as an anti-bonding combination of the LUMO states
associated with isolated water and silanone molecules.
Our calculations (Fig. 3) yield a barrierless conversion from the hydrated complex for
the neutral charge state. In order to obtain a hydration energy and the reaction path
(as plotted in Fig. 3) we had to adopt a symmetry constraint for H2Si=O·OH2 where the
plane containing the water molecule lies perpendicular to that described by the silanone
molecule. The ease with which the hydrated silanone is converted into the di-hydroxyl
structure is consistent with previous theoretical analysis which also report small barriers
for this reaction[10–13], and variations in activation energy are most probably linked to
differences in computational method. Given the highly exothermic nature of the reaction,
the qualitative conclusion is that the hydrated silanone is kinetically unstable and thermally
unfavourable with respect to the di-hydroxyl at room temperature.
We find that the reaction for the positive charge-state is qualitatively different: hydrated
silanone is meta-stable and there is a barrier of 0.8 eV for conversion into the di-hydroxyl.
The reaction is also less exothermic than for the neutral systems, with di-hydroxyl just
0.6 eV more stable than hydrated silanone. The transition state structure that we obtain,
which is shown in Fig. 3(d), resembles that previously proposed for the neutral case[12].
In the negative charge state we find that stable hydrated complexes involve hydrogen-
bonding between H in the water molecule and the oxygen in silanone [see Fig. 3(f)]. Struc-
tures akin to those found for the neutral and positive charge states, i.e. where the bonding
interaction is between the oxygen in the water molecule and the silanone Si, were deter-
mined to be unstable. This instability can be traced to an anti-bonding character between
the silanone and water components in the LUMO of the neutral hydrated system, which
becomes populated in the negative charge state.
We find that the negatively-charged, hydrated system is close to being energetically de-
generate with the di-hydroxyl molecule. Clearly, in comparison to the neutral charge state
this represents a dramatic stabilisation of the hydrated form. The reaction path between
the two structures is more complicated than those obtained for the neutral and positively
charged systems. In the trajectory obtained, there are two intermediate structures, the
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first being a rotation of the water relative to the silanone, and the second a di-hydroxyl
structurally distinct from the low-energy geometry shown in Fig. 3(h). The reaction energy
is 0.7 eV and rate limiting transition state is shown Fig. 3(g). We conclude that that the
addition of an electron to silanone leads to significant stabilisation of the singly hydrated
system relative to other charge states.
To put the charging into some context, we list the calculated IPs and EAs in Table I.
Taking the constrained structure for the neutral charge state of singly hydrated silanone, we
obtain an IP of 8.9 eV, with IPs for the di-hydroxyl and isolated silanone molecule of 10.2 eV
and 10.6 eV respectively. This indicates the relative ease for ionisation of singly hydrated
silanone, although the values are far higher than obtained for strong organic donor, TTF. The
EA of the di-hydroxyl is negative, indicating that this system will not accept an additional
electron. However, isolated silanone and its hydrated form yield small and positive EAs.
Although the precision with which we can predict the EAs of these molecules is poor relative
to the IPs, by varying the basis sets we find that the result is qualtiatively independent of
basis, in that there is no propensity for any of the molecular systems to become negatively
charged. We shall reflect further on these values later in the report.
B. Silanone on QD surface
Only weakly metastable local minima were found for singly hydrated Si=O groups on the
Si-QD surface in the neutral charge state. The most stable structure that we found is shown
in Fig. 4(a), which lies 2.0 eV higher in energy than the most stable di-hydroxyl structure.
The calculated activation energy for conversion of singly hydrated silanone to a di-
hydroxyl configuration is less than 30meV. When coupled with the results from the isolated
molecules, the calculations sugges that the Si-QD leads to a modest stabilisation of the
hydrated form. The hydration energy (reaction 3.1) is very close to that obtained for the
small molecule (0.7 eV). The HOMO and LUMO of the Si-QD silanone, with and without
hydration, parallel those of H2Si=O and H2Si=O·OH2, although there is some evidence of
delocalisation in the LUMO of the hydrated silanone on the Si-QD.
The positively charged state yields several competing silanone structures, all of which
are very weakly metastable. The most stable of these are shown in Figs.4(b). The energy
of the singly hydrated silanone relative to the di-hydroxyl for the Si-QD is less favourable
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than in the small molecule at 1.5 eV, much closer to the value of the neutral configuration
on the Si-QD. Similarly, the barrier for conversion from hydrated-silanone to di-hydroxyl is
reduced to close to the neutral case at ∼0.1 eV. The hydration energy in the positive charge
state is far in excess of this energy (1.0 eV).
The IP for hydrated silanone on the Si-QD is 6.7 eV (Table I), a reduction of 2.2 eV
relative to the molecule. The IP of the di-hydroxyl configuration is similar to the singly
hydrated form at 7.1 eV, and to the oxygen-free hydrogen-terminated Si-QD at 7.3 eV. We
note that these values are in broad agreement with previous estimate of around 6.2 eV[44]
for the IP of a hydrogen terminated 1 nm Si-QD, which coincidentally is same as the value
we obtained for the TTF organic electron donor, lending some weight to the argument for
the potential formation of charged Si-QDs.
The lowest energy negatively charge hydrated Si-QD system, was found to exhibit a
hydrogen-bonding interaction of the same form as the negatively charged molecule [Fig. 4(c)],
i.e. where the oxygen in the silanone acts as the hydrogen-bond acceptor site. However, we
find that the hydration reactions via the interaction between the oxygen in water and the
silicon in silanone result in a (meta-)stable structure similar to the neutral and positive
charge states as shown in Fig. 4(a) and (b). In the negative charge state we find that
the hydrogen-bonded system is more stable than the H2O. . . Si configuration by 0.2 eV.
The differences between the molecule and the Si-QD are a consequence of the increased
delocalisation of the LUMO for the neutral system (corresponding to the HOMO in the
negative charge state).
The relative energy of the hydrated and di-hydroxyl isomers at 1.0 eV indicates a large
increase in the relative stability of the di-hydroxyl form where bonded to a more bulky
substituent, in comparison to the small molecule. However, the activation energy for con-
version to the di-hydroxyl was found to be 0.8 eV. The hydration energy is 0.9 eV, which is
comparable to this barrier, and suggestive of a dynamic equilibrium between hydrated and
dissociated components. However, once converted into a di-hydroxyl, the reverse process
would therefore be activated by 1.8 eV, and unlikely to proceed at room-temperature.
We have calculated the optical absorption spectra for a range of QD systems, and plot
the results in Fig. 5. For the neutral charge state, there is a 1.0 eV red-shift in the onset
of absorption associated with the isolated silanone group relative to the pure hydrogen
terminated QD (dashed and full lines respectively), in agreement with the reduction in the
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optical gap suggested by previous modelling[2, 3]. It is important to note that the lowest
energy optically allowed transition is not between the HOMO and LUMO localised on the
silanone structure, as such a transition is dipole forbidden. Instead the onset of absorption
in our calculations is a combination of transitions involving HOMO-1 and LUMO+1. In
contrast to a previous publication[2], the lowest energy transition relates to excitation from
the HOMO to the LUMO+1, but excitations from HOMO-1 to the LUMO are close in
energy and more intense by around an order of magnitude.
In addition, hydration of the centre has negligible effects on the absorption character-
istics (dot-dashed line), with subsequent conversion to the di-hydroxyl (not plotted, but
indistinguishable from the hydrogen-terminated Si-QD) yielding an optically inactive sur-
face termination. Given the relative ease with which the silanone may be converted into
the optically inactive di-hydroxyl configuration, the calculations suggest that in equilibrium
there will be no red-shift.
However, the negatively charge hydrated silanone structure, which is much more stable
than the neutral or positive cases, also yields allowed optical transitions that reduce the
optical gap. Given the relatively low absorption coefficient for transitions in the 1-2 eV
range (Fig. 5), we conclude that negatively charged, singly-hydrated silanone on a 1 nm
Si-QD produces a red shift of 1.5–2.5 eV relative to the neutral hydrogen terminated Si-QD
of the same size.
It is therefore important to assess the propensity for such configurations to arise in prac-
tice. The EAs (see Table I) of 1.8 eV (hydrated), and 2.0 eV (isolated), indicate that electron
addition becomes energetically more difficult upon formation of the complex. The value for
the di-hydroxyl structure (1.3 eV) is the same value as obtained for an oxygen free Si-QD.
The difference in the EAs is primarily due to a localisation energy of the unpaired electron
(on the silanone oxygen) associated with the hydrated system. This energy is expected to
diminish with increasing dot size as the silanone gap states become mixed with the delo-
calised Si-QD states. It is worthy of note that the EAs of the silanone-related structures are
on average just 1.3 eV less than the strongly electron accepting DDQ molecule.
As a more general note, the calculated IPs and EAs (see Table I) indicate the energetic
preference for charging is very different between the Si-QD and small molecule systems.
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C. Silanone on bulk (3× 1)− (001) surface
As a final class of structure, we have analysed silanone and hydroxyl structures on a
(3×1)− (001) hydrogen terminated silicon surface. We find all three charge states analysed
yield metastable hydrated-silanone structures. For all charge states the low energy systems
involve the hydration interaction taking place between the water O and silanone Si. For
these systems the Si=O·OH2 group is higher in energy than Si(OH)2 by 1.6 eV (neutral and
positive charge) and 1.7 eV (negative charge state). The hydration energies are 1.6, 1.4 and
1.3 eV in the positive, neutral and negative charge state, respectively.
Activation energies for conversion, plotted in Fig. 6 are non-zero, but small at 0.1–0.2 eV.
Fig. 6 shows the profiles with 13 images, but we have repreated the calculations with ten
more images, and the barriers are unaffected. We conclude that within the computational
scheme, the barrier heights are converged. The kinetic and thermodynamic stabilisation
found for the negatively charged hydrated silanone on the Si-QD is lost due to the more
delocalised nature of the additional electron, which essentially resides in a bulk conduction
band state. The similarity of the hydration energies, activation energies for formation of the
di-hydroxyl structure from the singly-hydrated silanone, and the magnitude of the energy
differences of these two isomers relates to the surface sites all being essentially neutral in all
cases with the charge carriers being spread over the bulk substrate. We conclude that for
very large Si-QDs the charging effect may become negligible.
IV. CONCLUSIONS
We have used density functional methods to calculate the activation energies for the reac-
tion of water with silanone structures in a simple molecule, and extend previous analysis[10–
13] to model both charged systems and (001)-like sites on a 1 nm Si-QD and a (3× 1)-(001)
bulk silicon surface, resulting in the formation of di-hydroxyl systems.
Our results indicate that for the neutral charge state singly hydrated silanone groups are
either unstable or very weakly metastable, in line with previous theory[10–13]. We determine
that a network of back-bonded silicon, suggested previously to increase the stabilization of
the hydrated silanone group[15], provides modest stabilization in the bulk limit. Relative
to the isolated molecule, the hydrated form of the 1 nm Si-QD, is also slightly stabilised. In
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addition there is no increased thermodynamic stability relative to the di-hydroxyl, and in
equilibrium the population of hydrated silanone will be very low at room temperature. It is
also crucial to note that the forward barrier heights, if present, are generally exceeded by the
appropriate hydration energy, meaning that there is no global barrier for a water molecule to
approach the silanone surface site from a large distance and form the di-hydroxyl geometry.
Therefore we argue, as has been done previously[13], that neutral silanone surface defects
must be viewed as an unlikely source of red-shifts seen in optical experiments.
We have also examined the role of charging, and find that this may effect the properties
of the hydrated systems. Of particular interest is that for the 1 nm Si-QD the negatively
charged singly hydrated silanone system is stabilised relative to the neutral case, with the
effect lessened for the bulk surface. Additionally, the hydration energy for the negatively
charged silanone structure is comparable to the kinetic barrier for conversion into the di-
hydroxyl, and the hydrated structure is also strongly optically active, giving rise to a large
red shift in the onset of absorption. Calculated EAs, although associated with relatively large
error bars, may indicate that electron addition to a QD system is plausible, and qualitatively
such electron attachment is more likely for systems involving Si=O bonds than the pure
H-terminated Si-QD or those with hydroxyl-groups. It has been argued[12, 45] that the
hydrated silanone may be formed in non-equilibrium concentrations during illumination and
any barrier to relaxation would allow further optical stimulation based on the structural
lifetime exceeding the typical exciton lifetime for these systems (for Si-QDs ∼10-100µs).
However, a computed value of < 30meV, in the neutral charge state in a 1 nm Si-QD, for
the activation energy for conversion to the di-hydroxyl indicates that this a very unlikely
mechanism to explain the observed PL spectra. In the light of the stabilisation of the
negatively charged systems, perhaps a more plausible route to optically stimulated red-shifts
involves charge transfer processes.
The impact of charging suggests that the effect of the local solute may be more important
than the presence of a network of back-bonded silicon in determining the stability of the
silanone group. Treatments of porous silicon with hydrochloric acid have yielded stabilisa-
tion, and enhancement, of PL spectra that was attributed to a structural stabilisation of
silicon oxyhydrides of a silanone based nature (see for example Ref. [46]). In addition in
similar acidic conditions an increase in intensity of infrared peaks assigned to silanone has
been observed[47]. Furthermore, it is likely that stabilisation or destabilisation of surface
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structures due to a screening solvent/solute would interact via polar and charge transfer
processes. Indeed, the current study is only concerned with the interaction of a single water
molecule with silanone, and in practice a hydrogen-bonded network would be present in
aqueous solution. Such a system might well result in differing mechanisms for reaction or
stabalisation of the intermediate hydrated systems. Investigations of the role of solvents on
surface chemistry in Si-QDs will form the basis of future work.
Finally, we make the observation that use of very small molecular systems, such as
H2Si=O·OH2, as prototypes for processes in Si-QDs can be highly misleading: both the
stability and propensity for charging differs significantly from chemically similar structures
even for the relatively small sized Si-QDs examined in this study. For example, in the nega-
tively charge state the inter-conversion of the hydrated and di-hydroxyl forms for the small
molecule involves two intermediate structures with very little difference in the energies of
the end-points. However on the Si-QD the di-hydroxyl is strongly favoured and there is no
intermediate structure. We conclude that to model processes such as those reactions exam-
ined in this paper, it is crucial to model systems which more closely resemble the particle
size encountered in experiment.
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TABLE I: Ionisation potentials (IP) and electron affinities (EA) calculated for the silanone (isolated
and hydrated) and di-hydroxyl structures. Both the values obtained for the structure as a small
molecule and on the surface of a QD are included. Energies are in eV.
Structure IP EA
H2Si=O 10.6 0.3
H2Si=O·OH2 8.9 0.6
H2Si(OH)2 10.2 −1.9
QD–Si=O 7.0 2.0
QD–Si=O·OH2 6.7 1.8
QD–Si(OH)2 7.0 1.3
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Fig. 1 (Colour online) Schematics of (a) molecular, (b) Si-QD, and (c) (001)-surface
systems containing singly hydrated silanone. Silicon, oxygen and hydrogen are
represented by large, medium and small circles, respectively.
Fig. 2 (Colour online) Schematic of the silanone molecule H2Si=O, along with the as-
sociated (b) HOMO and (c) LUMO orbitals. Atom sizes are as in Fig. 1.
Fig. 3 (Colour online) Reaction energy profiles for conversion of H2Si=O·OH2 to
H2Si(OH)2 (eV). Filled (empty) circles indicate neutral (positive) charge state,
whilst filled squares indicate the negative charge state. The zero of energy is
taken from the H2Si=O·OH2 molecule in the appropriate charge state. Bond-
lengths are in A˚. (a), (c) and (f) are the lowest energy H2Si=O·OH2 systems
for the neutral, positive and negative charge states respectively, whilst (b), (e)
and (h) are the lowest energy H2Si(OH)2 structures. Transition states for the
positive [(d)] and negative [rate limiting transition state, (g)] reaction paths are
also shown. Atom sizes are as in Fig. 1.
Fig. 4 (Colour online) Schematics showing metastable Si=O·OH2 structures on a Si-QD.
Only atoms in the vicinity of the surface site are shown, for comparison see Fig. 1.
(a),(b) and (c) are neutral, positive and negative charge state, respectively. Atom
sizes are as in Fig. 1, and bond lengths are in A˚.
Fig. 5 (Colour online) Calculated optical absorption spectra for 1 nm Si-QD containing
various surface structures. In the neutral charge state: isolated silanone (long-
dashed line), hydrated silanone (dot-dashed line) and hydrogen terminated pure
QD (short-dashed line). The neutral di-hydroxyl is practically indistinguishable
from the case of complete hydrogen-termination. For the negative charge state
we include the stabilised hydrated silanone structure (full line).
Fig. 6 (Colour online) The charge-dependent NEB profiles for conversion of hydrated
silanone to di-hydroxyl groups on the bulk (3× 1)− (001) hydrogen terminated
surface. Filled (empty) circles are for the neutral (positive) charge state, and the
filled squares, the negative charge state. The zero of energy is taken from the
hydrated silanone structure in each charge state.
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(a)
(b)
(c)
FIG. 1: (Colour online) Schematics of (a) molecular, (b) Si-QD, and (c) (001)-surface systems
containing singly hydrated silanone. Silicon, oxygen and hydrogen are represented by large, medium
and small circles, respectively.
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(a) (b) (c)
FIG. 2: (Colour online) Schematic of the silanone molecule H2Si=O, along with the associated (b)
HOMO and (c) LUMO orbitals. Atom sizes are as in Fig. 1.
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FIG. 3: (Colour online) Reaction energy profiles for conversion of H2Si=O·OH2 to H2Si(OH)2
(eV). Filled (empty) circles indicate neutral (positive) charge state, whilst filled squares indicate
the negative charge state. The zero of energy is taken from the H2Si=O·OH2 molecule in the ap-
propriate charge state. Bond-lengths are in A˚. (a), (c) and (f) are the lowest energy H2Si=O·OH2
systems for the neutral, positive and negative charge states respectively, whilst (b), (e) and (h) are
the lowest energy H2Si(OH)2 structures. Transition states for the positive [(d)] and negative [rate
limiting transition state, (g)] reaction paths are also shown. Atom sizes are as in Fig. 1.
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(a)
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FIG. 4: (Colour online) Schematics showing metastable Si=O·OH2 structures on a Si-QD. Only
atoms in the vicinity of the surface site are shown, for comparison see Fig. 1. (a),(b) and (c) are
neutral, positive and negative charge state, respectively. Atom sizes are as in Fig. 1, and bond
lengths are in A˚.
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FIG. 5: (Colour online) Calculated optical absorption spectra for 1 nm Si-QD containing various
surface structures. In the neutral charge state: isolated silanone (long-dashed line), hydrated
silanone (dot-dashed line) and hydrogen terminated pure QD (short-dashed line). The neutral
di-hydroxyl is practically indistinguishable from the case of complete hydrogen-termination. For
the negative charge state we include the stabilised hydrated silanone structure (full line).
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FIG. 6: (Colour online) The charge-dependent NEB profiles for conversion of hydrated silanone to
di-hydroxyl groups on the bulk (3× 1)− (001) hydrogen terminated surface. Filled (empty) circles
are for the neutral (positive) charge state, and the filled squares, the negative charge state. The
zero of energy is taken from the hydrated silanone structure in each charge state.
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